SUBMUCOSAL GLANDS IN THE LUNG play an important role in many hypersecretory diseases, such as asthma, chronic bronchitis, and cystic fibrosis (12, 19) . In this context, submucosal gland hypertrophy and hyperplasia lead to excessive mucous secretion into the airways. Furthermore, in cystic fibrosis, submucosal glands may play an important role in innate immunity defects in the lung that result from defective cystic fibrosis transmembrane conductance regulatory expression in the serous tubule of submucosal glands (10, 33) . Recently, submucosal glands have also been implicated as a potential stem cell niche in the proximal airway (5) . Despite the potential importance of submucosal glands in airway disease and stem cell biology, relatively little is known about the processes that control submucosal gland development and growth in vivo.
In the mouse, airway submucosal glands exist in the nasal mucosa and proximal trachea. Whereas nasal submucosal glands develop after embryonic day 15 (E15), tracheal gland development initiates during the first postnatal weeks of life. Although relatively little is known about the factors that regulate the initial stages of submucosal gland development in the airway, the known developmental biology of other budforming organs has presented some recurring themes. The development of bud-forming organs is controlled by highly regulated interactions between bud-forming epithelia and the underlying mesenchymal layers that stimulate signal transduction cascades and the transcription of genes important to epithelial cell movement and differentiation. The Wnt/␤-catenin/lymphoid enhancer factor 1 (Lef-1) signaling pathway is one of the most extensively studied transcriptional cascades involved in various types of organogenesis (8, 14 -16, 37) . In this context, Wnt proteins bind to transmembrane Frizzled receptors and activate signaling cascades by stabilizing ␤-catenin and its interactions with transcriptional factors of the T-cell factor (TCF)/Lef-1 family. After translocation to the nucleus, ␤-catenin/Lef-1 and ␤-catenin/TCF complexes modulate the transcription of target genes through the assembly of multiprotein complexes (3, 6, 18, 25) .
The TCF/LEF family is composed of Lef-1, Tcf-1, Tcf-3, and Tcf-4. Studies using Lef-1 knockout models have demonstrated that expression of the Lef-1 gene is required for a wide range of inductive epithelial/mesenchymal interactions involved in mammary gland, tooth, vibrissa, hair, and airway submucosal gland development (8, 31) . The importance of Lef-1 in glandular development is seen in Lef-1-deficient mice, which lack mammary glands and airway submucosal glands. In the context of airway submucosal gland development, Lef-1 mRNA expression is induced within the epithelial bud at the earliest stages of glandular development (7) and is functionally required for bud formation (8) . Because Lef-1 is thus far the earliest factor known to be induced during submucosal glandular bud formation, knowledge of its transcriptional regulation could provide significant insight into the biology of gland development.
Several studies have begun to address the signals responsible for regulating Lef-1 gene expression in cell lines. For example, in vitro studies from our laboratory, focusing on the human Lef-1 promoter, have demonstrated transcriptional responsive-ness to Wnt-3a and ␤-catenin (11) . In this case, dissection of the upstream region of the endogenous Lef-1 gene in HEK-293 kidney cells defined a minimal promoter fragment from Ϫ2700 to Ϫ200 bp relative to the ATG start codon (as ϩ1 bp). This region of the promoter contains four transcriptional start sites, TSS1 (Ϫ1329 bp), TSS2 (Ϫ1195 bp), TSS3 (Ϫ499 bp), and TSS4 (Ϫ376 bp), two of which are induced by Wnt-3a (TSS1 and TSS3; Fig. 1A ). In addition, these studies also identified a 110-bp promoter segment that is required for responsiveness to Wnt-3a/␤-catenin. When this Wnt-responsive element (WRE) was deleted from the Lef-1 promoter, basal levels of transcription were significantly increased, and Wnt responsiveness was lost. Furthermore, this WRE was able to convey Wnt-3a/␤-catenin responsiveness to a heterologous minimal promoter in a context-independent fashion, suggesting it is an enhancer capable of responding to Wnt signals (11) . Other groups have also demonstrated that isolated segments of the Lef-1 promoter are responsive to specific TCF isoforms in a ␤-catenin-dependent manner (1) . Because there are no consensus TCF binding sites within the WRE, these findings suggest that unknown transcription factors may bind at the WRE and coordinate Wnt signals with upstream TCF elements. Given the apparent complexities of Lef-1 promoter regulation by the Wnt/␤-catenin/ TCF cascade and its diverse roles in the developmental processes of multiple organ systems, in vivo studies of the Lef-1 promoter are required to more clearly dissect its regulatory components.
To better understand the potential role of Wnt signaling in controlling the transcriptional activation of the Lef-1 gene during epithelial glandular bud formation, we compared regulation of the Lef-1 promoter between two organs (mammary glands and airway submucosal glands) that share a requirement for Lef-1 expression during glandular bud formation (8, 31) . We first evaluated the importance of the WRE in regulating Wnt-1 induction of the Lef-1 promoter in mammary and lung epithelial cell lines. Wnt-1 was chosen for in vitro induction studies since it has been shown to induce mammary gland hyperplasia in mice and expansion of stem cell pools in this organ (22) . In addition, we analyzed in vivo expression patterns of the intact and WRE-deleted Lef-1 promoter in transgenic mice. Results from these studies demonstrated that the WRE most dramatically influenced Wnt-1 responsiveness of the Lef-1 promoter in a subset of less-invasive tumor cell lines. Similarly, the WRE also appeared to influence Lef-1 promoter expression in a cell type-dependent fashion during mammary gland and airway submucosal gland development in vivo. Transgenic mice harboring a full-length, but not a WREdeleted, 2.5-kb Lef-1 promoter fragment driving expression of a ␤-galactosidase reporter gene demonstrated expression in a subset of nasal and tracheal submucosal glandular bud epithelial cells during the initial stages of gland development. In contrast, the WRE was not required for temporal regulation of the Lef-1 promoter in epithelial buds and mesenchymal cells of developing mammary glands. These studies have begun to shed light on the transcriptional control of the Lef-1 promoter during gland development and the importance of Wnt-responsive sequences in these processes.
MATERIALS AND METHODS
In vitro analysis of the Lef-1 promoter. Two mammary epithelial adenocarcinoma cell lines [MCF-7 and MDA-MB-231, obtained from American Type Culture Collection (ATCC)] and two transformed human airway epithelial cell lines (IB3 and A549; IB3 cells were a gift from William Guggino, Johns Hopkins Univ., and A549 cells were obtained from ATCC) were transfected using calcium phosphate/DNA precipitates according to standard protocols. Two previously described expression constructs [LFϪ2700/Ϫ200-LacZ and LFϪ2700(ID)/Ϫ200-LacZ] containing the human Lef-1 promoter upstream of the ␤-galactosidase reporter gene were used to study the Wnt-1 responsiveness of the Lef-1 promoter (11). LFϪ2700/Ϫ200-LacZ contains sequences in the promoter that span from Ϫ2,700 to Ϫ200 bp (relative to the ATG start codon at ϩ1). LFϪ2700(ID)/ Ϫ200-LacZ has an internal deletion of 110 bp, which was shown to be responsive to Wnt signals (11) . The culture conditions for all cell lines used DMEM with 10% FBS and 1% penicillin/streptomycin (GIBCO). Cells were grown to 50 -70% confluence on 60-mm dishes before cotransfection with 3.5 g of a given Lef-1 promoter/LacZ reporter construct and 0.5 g of pGL3 plasmid, which encoded the luciferase gene under the control of the simian virus 40 promoter. Cells were harvested for ␤-galactosidase and luciferase assays at 48 h posttransfection. Harvesting of cells was performed by washing in Fig. 1 . Schematic representation of lymphoid enhancer factor 1 (Lef-1) promoter/ reporter constructs used for cell line and transgenic analyses. A: genomic fragment of the human Lef-1 gene containing its first 2 exons (black), ATG start codon at ϩ1 bp, 4 transcriptional start sites (TSS), a Wnt-responsive element (WRE) localized at Ϫ876 to Ϫ769 bp, and a T-cell factor (TCF) binding site at Ϫ921 bp (11) . B: genomic fragment contains a previously identified promoter segment (Ϫ2,700 to Ϫ200 bp) that was used to generate the LFϪ2700/Ϫ200-LacZ reporter construct containing 2.5 kb of the promoter. C: WRE-deleted promoter/reporter construct [LFϪ2700(ID)/Ϫ200-LacZ] contains an internal 110-bp deletion but is otherwise identical to LFϪ2700/ Ϫ200-LacZ.
PBS, followed by lysis in 1ϫ reporter buffer (Luciferase Assay System kit, Promega). Protein concentrations were determined by the Bradford method, and all lysates were normalized to the same protein concentration. Lysate (25 g) was used for luciferase assays (Invitrogen), and 50 g of lysate were used for ␤-galactosidase assays using O-nitrophenyl-␤-D-galactopyranoside as a substrate (Sigma Chemical). Normalization of transfection efficiencies for each experimental point was performed by dividing the ␤-galactosidase activity units by the relative light units of luciferase activity. The resulting value was then used to compare the expression level of a given construct to the promoterless LacZ plasmid backbone for the same experiment. For Wnt-1 induction assays, 5 g of expression plasmid encoding Wnt-1 was transfected at the same time with the Lef-1 promoter-reporter and luciferase constructs, as described above. The total amount of DNA transfected in all experimental comparisons was always normalized by the inclusion of an empty vector plasmid control (pcDNA). Western blotting for Lef-1 protein was performed using an antiLef-1 antibody that recognizes the NH 2 terminus of Lef-1 (Exalpha, Boston, MA).
Lef-1 promoter-reporter constructs and the generation of transgenic mice. Transgene-containing fragments from LFϪ2700/Ϫ200-LacZ and LFϪ2700(ID)/Ϫ200-LacZ, which lacked plasmid backbone sequences, were excised from the parental plasmid and gel purified using the Qiagen gel extraction kit (Qiagen, Valencia, CA). Transgenic founders were generated by injecting the linear transgene cassette into the pronucleus of fertilized F2 oocytes from (C57BL/6J ϫ SJL/J) F1 parents (Jackson Lab, Bar Harbor, ME). Embryos were subsequently transferred into ICR pseudopregnant females (Harlan, Indianapolis, IN). Transgenic founders and progeny were screened by PCR and/or Southern blotting (BamHI digest) using DNA prepared from tail biopsies. Primer sets EL905 5Ј-CAAACTTCAGCTTCCCT-TCTGCTG-3Ј and EL906 5Ј-GACGAGGAAGAAGGAACTGAA-GAC-3Ј were derived from a ␤-galactosidase transgene and used for PCR screening. These primers identified a 379-bp ␤-galactosidase transgene band in positive transgenic mice. The number of integration sites was determined for each founder using Southern blotting of the F1 progeny's tail DNA and a single cutter enzyme in the ␤-galactosidase transgene. When F1 progeny from a single founder had more than one integration site, each integration event was bred onto a C57BL/6J background and evaluated as an independent founder. All animal experiments were monitored regularly and maintained in accordance with the principles and procedures outlined in the National Institutes of Health guidelines for the care and use of experimental animals.
Histochemical detection of ␤-galactosidase activity in transgenic mice. Timed pregnancies were established between C57BL/6J males and heterozygous, transgene-positive females. The appearance of a vaginal plug in the morning following breeding was designated as E0.5 days. The genotype of the embryos was determined by the PCR of DNA harvested from the yolk sac or part of the embryo. Embryos and/or tissue samples were dissected in cold PBS at designated ages and fixed [0.2% glutaraldehyde, 5 mM EGTA, pH 7.3, 2 mM MgCl2, 0.02% Nonidet P-40 (NP-40), 0.01% deoxycholate, 2% paraformaldehyde, 0.1 M sodium phosphate, pH 8.8] for 15-60 min at room temperature with rocking. After being washed in detergent solution (0.02% NP-40, 0.01% deoxycholate, 2 mM MgCl2, 0.1 M sodium phosphate, pH 8.0) three times for 10 min at room temperature, the embryos were stained in 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) solution (1 mg/ml X-gal, 5 mM potassium ferricyanide, and 5 mM potassium ferrocyanide in the wash buffer) in the dark at 37°C for 3 h, followed by room temperature incubation overnight. The stained embryos were postfixed in 0.5% glutaraldehyde/10% formalin after being washed three times in PBS. When histological sections were evaluated, the embryos were decalcified (CalRite) and equilibrated in 30% sucrose and embedded in an optimum cutting temperature compound. For X-gal staining of the cryosection (12 m), sections were fixed in 2% paraformaldehyde for 1-2 min, washed five times for 5 min, and X-gal stained at 37°C overnight, as described above. Sections were counterstained with propidium iodide before being photographed. Whole mount X-gal staining analysis for mammary and nasal glands was performed on at least three litters from each line with a total of at least 30 embryos stained for each line, and time points were evaluated (E12.5-E16.5 at 1-day intervals). Because heterozygous mice were used for all breedings, negative internal control embryos were included in each litter. At least three embryos were sectioned and histologically evaluated for each of the time points and tissues described. Tracheal X-gal staining from newborn 3-day-old pups was performed on microdissected tracheas. Genotyping was performed subsequent to staining, and no falsepositive staining patterns were observed.
In situ hybridization for Lef-1 mRNA. The proline-rich region (450 bp) of the mouse Lef-1 cDNA (GenBank GI:6754531) was cloned into a pBlueScript KS plasmid (Stratagene, La Jolla, CA) using KpnI and EcoRV restriction sites. This region did not overlap with conserved high mobility group DNA-binding domains. Mouse Lef-1 sense and antisense digoxigenin-labeled RNA probes were prepared by in vitro transcription using a Dig-RNA labeling kit with T3 and T7 RNA polymerase, respectively, per the manufacturer's instructions (Roche Molecular Biochemicals, Mannheim, Germany). Whole mount hybridization was performed essentially as previously described (17, 34) ; however, a higher temperature (70°C) was employed during hybridization and washing steps. The proteinase K incubation times (5-60 min) were also adjusted for different stages of embryos. Embryos were photographed after dehydration in a series of 25, 50, 75, and 100% methanol, after which they were cleared in 80% glycerol. In situ hybridization for Lef-1 RNA in nasal submucosal glands used cryosections with digoxigenin-labeled RNA probes and were performed as previously described (7-9).
RESULTS

Wnt-1 responsiveness of the human Lef-1 promoter in air-
way and mammary epithelial cell lines. The highly regulated spatial and temporal expression patterns of Lef-1 mRNA during embryogenesis suggest that cell type-specific regulation of the Lef-1 promoter plays an important role in organogenesis (31) . The identification of Lef-1 promoter elements responsible for the inductive expression of Lef-1 will help clarify the transcriptional regulatory cascades important in developmental processes controlled by Lef-1. In this context, previous studies in HEK-293 kidney cells have demonstrated that Wnt-3a can induce the human Lef-1 promoter in a ␤-catenin-dependent fashion (11) . Given the importance of Wnt pathways during development of many organs, we sought to characterize whether Wnt induction of the Lef-1 promoter might play a role during airway submucosal gland and mammary gland development. The rationale for comparing developmental regulation of the Lef-1 promoter in these two types of glandular epithelia stems from the fact that Lef-1 expression is essential for the induction of glandular bud formation in both these organs (7, 8, 31) .
Since Wnt-3a pathways have not been associated with mammary gland or submucosal gland organogenesis, we first sought to clarify whether alternative Wnts known to play a functional role in gland development might similarly induce the Lef-1 promoter. In this context, Wnt-1 has been previously shown to play a role in mammary gland carcinogenesis (4, 26, 29, 38) . Furthermore, overexpression of Wnt-1 in mammary glands has been shown to increase expansion of stem/progenitor cell pools (as measured by a Hoechst-negative side population) in the adult mammary gland and results in mammary hyperplasia and ajplung.physiology.org malignancy (22) . Given the shared requirement for Lef-1 expression during mammary and airway submucosal gland development, we first sought to evaluate whether Wnt-1 could also induce the Lef-1 promoter in several airway and mammary epithelial transformed cell lines. Two airway epithelial cell lines (A549 and IB3) and two mammary epithelial cell lines (MCF-7 and MBD-MA-231) were chosen for analysis in transient transfection assays of Lef-1 promoter function. Two Lef-1 promoter/LacZ reporter constructs were chosen for analysis of Wnt-1 induction based on previous studies characterizing the Lef-1 promoter in HEK-293 cells (11) . The first of these reporter constructs (LFϪ2700/Ϫ200-LacZ) harbored a 2.5-kb fragment of the human Lef-1 promoter (Ϫ2,700 to Ϫ200 bp) containing all four known TSS (Fig. 1B) . This region of the promoter was previously shown to maintain the highest level of Wnt-3a induction in 293 cells (11) . The second construct [LFϪ2700(ID)/Ϫ200-LacZ] contained this same promoter fragment with an internal 110-bp deletion of a WRE located at Ϫ876 to 769 bp (Fig. 1C) .
Lef-1 promoter expression profiles in IB3, A549, MCF-7, and MDA-MB-231 cells were examined by transient transfection of the promoter/reporter plasmids with either a negative control plasmid (pcDNA) or a plasmid coding for Wnt-1. Our analysis revealed that Wnt-1 was able to induce LFϪ2700/ Ϫ200-LacZ expression in all cell lines tested to varying degrees (Fig. 2, A-D) . In airway epithelial cell lines, Wnt-1 responsiveness was highest in IB3 cells (224-fold induction), which demonstrated the lowest level of baseline endogenous Lef-1 protein (Fig. 2E) . In contrast, Lef-1 promoter induction by Wnt-1 was significantly less in A549 cells (6-fold induction), which had much higher baseline levels of endogenous Lef-1 protein (Fig. 2E) . Interestingly, A549 cells have been demonstrated to have a highly invasive phenotype (28). Hence, the higher level of baseline Lef-1 activation and reduced Lef-1 promoter responsiveness to Wnt-1 in A549 cells may reflect constitutively activated Wnt signaling pathways. Lef-1 promoter induction by Wnt-1 was slightly higher in the more invasive mammary epithelial cell line MDA-MB-231 cells (17-fold) compared with the less invasive MCF-7 cells (7-fold). However, in contrast to the two airway epithelial cell lines analyzed, the endogenous baseline levels of Lef-1 protein were similar between these two mammary epithelial cells. These studies demonstrate for the first time that the Lef-1 promoter is also responsive to Wnt-1 signals and substantiate previous reports demonstrating Wnt-3a, ␤-catenin, and/or TCF responsiveness of the human Lef-1 promoter in HEK-293 and COS-7 cells (1, 11) .
Interestingly, different regions of the Lef-1 promoter appear to facilitate Wnt-1 induction in IB3 cells compared with A549, MCF-7, and MDA-MB-231 cells. In IB3 airway cells, deletion of the previously characterized WRE (Ϫ879 to Ϫ769 bp) from the Lef-1 promoter [LFϪ2700(ID)/Ϫ200-LacZ] completely abolished Wnt-1 induction (Fig. 2A) . Similarly, deletion of the WRE decreased Wnt-1 induction of MCF-7 cells from 7.2-to 2.5-fold (Fig. 2D) . In contrast, Wnt-1 responsiveness in mammary MDA-MB-231 and A549 cells was not significantly affected by the loss of the 110-bp WRE (Fig. 2, B and C) . Interestingly, there was a trend for the more highly invasive cell lines (A549 and MDA-MB-231) to retain Wnt responsiveness of the Lef-1 promoter in the absence of the WRE. This is most clearly evident when comparing MDA-MB-231 (high invasive) and MCF-7 (low invasive) cells (2, 27) . In summary, these findings suggest that the WRE imparts Wnt-1 responsiveness to the Lef-1 promoter in a cell type-specific fashion not previously appreciated. However, the cell type specificity of this responsiveness is likely a feature of the transformed phenotype rather than the tissue type of origin.
Generation of transgenic mouse lines with the human Lef-1 promoter controlling ␤-galactosidase reporter gene expression. To better understand the in vivo significance of the WRE in the Lef-1 promoter, we generated two different transgenic lines harboring the Lef-1 promoter. Eight independent founder lines were created for each of the two transgene cassettes evaluated in the above cell lines [LFϪ2700/Ϫ200-LacZ and LFϪ2700(ID)/Ϫ200-LacZ; Table 1 ]. All lines contained a single integration event except for line 19298/2, which had two integration events that were subsequently bred out to single integration founders.
Three of the eight transgenic founder lines from the LFϪ2700/Ϫ200-LacZ construct (24191/2, 11434/4, and 11439/1) exhibited positive ␤-galactosidase staining at various stages of embryo development from E12.5 to E16.5 (Fig. 3,  A-E) . The remaining five lines did not express transgene at any stage of embryo development and were presumed to have integrated the transgene cassette into an inactive region of the genome. The whole mount embryo staining patterns seen in these three transgene-expressing founders were very similar in vibrissa/hair follicles, ear, and brain, but did differ with respect to limb bud and mammary gland expression (Table 1) . No X-gal staining was observed in transgene-negative littermates (Fig. 3, K-O) . In contrast to the LFϪ2700/Ϫ200-LacZ lines, a higher percentage of transgene-expressing embryos was obtained from founders generated with the LFϪ2700(ID)/Ϫ200-LacZ construct. Six of the eight founder lines derived from the LFϪ2700(ID)/Ϫ200-LacZ construct (18959/ (Fig. 3, F-J) . However, these six lines demonstrated much more diversity in whole mount staining patterns at visible tissue sites, including the mammary glands, vibrissa/hair follicles, limb buds, brain, and ear (Table 1) . Consequently, differences in Lef-1 promoter expression caused by deletion of the WRE could not be singled out by whole mount X-gal staining of embryos. To this end, we focused our analysis to histologically compare X-gal staining in airway submucosal glands and mammary glands at the initial stages of glandular bud formation.
Regulated expression of the Lef-1 promoter during the initial stages of mammary gland development is independent of the WRE. The formation of mammary glands during embryogenesis initiates at ϳE11.5. This process involves epithelial and mesenchymal interactions that result in an invading epithelial sprout or cord protruding into the mesenchyme fat pad precursor that opens at the nipple (32). Lef-1, a key transcription factor involved in bud-forming epithelial/mesenchymal interaction, is the first identifiable transcriptional factor found to be expressed in initiating mammary placode, and in the absence of 
*These lines were not screened for 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) expression at the cellular level since the transgene expression cassette was inactive at all stages of embryo development. †Depicts whether transgene expression was observed (ϩ) or not observed (Ϫ) in a given tissue as indicated. SMG, submucosal glands; E, embryonic day.
Lef-1, mice do not develop mammary glands (31) . As such, Lef-1 mRNA is significantly upregulated during the initial stage of mammary glandular bud formation in both the epithelial buds and surrounding mesenchyme (31) . Previously reported analyses have revealed that Lef-1 is expressed in the basal cells of the developing epidermis and in the epithelial cells of the mammary bud at E11.5-E12.5. By E13.5-E15.5, Lef-1 expression transitions to the mammary mesenchyme and is turned off in the mammary epithelium (Fig. 4A) (13, 24) .
As previously described (31), the induction of Lef-1 mRNA was observed by whole mount in situ hybridization of developing mammary glands at the E12.5 bud stage (Fig. 4, B and  C) . Of the eight LFϪ2700/Ϫ200-LacZ transgenic founder lines harboring a full-length 2.5-kb Lef-1 promoter, three expressed ␤-galactosidase in E12.5-E16.5 stage embryos (11434/4, 11439/1, 24191/2). Two of the lines (11434/4 and 24191/2) demonstrated mammary expression in all three thoracic and two inguinal mammary buds from E12.5 to E15.5 embryos (Fig. 4, F and G) . Interestingly, expression was limited predominantly to the mesenchymal cells surrounding the mammary bud in both lines (Fig. 4, J and K) . This pattern of expression overlapped with that previously reported for Lef-1 mRNA, with the notable exclusion of expression in the epithelium of the mammary bud at E12.5. Furthermore, mesenchymal expression in these two lines appeared to be activated slightly earlier than previously described for mRNA.
To determine whether the WRE was critical for the observed mesenchymal expression of the Lef-1 promoter during mammary bud formation, we evaluated mammary gland expression in six of the eight LFϪ2700(ID)/Ϫ200-LacZ transgenic lines that expressed any level of ␤-galactosidase during embryo development ( Table 1) . Two of these six lines evaluated (19298/2 and 18959/3) expressed ␤-galactosidase in the mammary glands (Fig. 4, H and I) . Mesenchymal expression was observed in both of these lines; however, the temporal regulation of expression differed (Fig. 4, L and M) . Mesenchymal expression was initiated in the 18959/3 line at E12.5 and was subsequently extinguished by E13.5. In contrast, mesenchymal expression was initiated at E13.5 in the 19298/2 line. Although the onset of mesenchymal expression was different in the two WRE-deleted lines, the spatial patterns of expression overlapped with that seen in the LFϪ2700/Ϫ200-LacZ lines. The most notable difference between the LFϪ2700(ID)/Ϫ200-LacZ and the LFϪ2700/Ϫ200-LacZ lines was the appearance of ␤-galactosidase expression in the mammary epithelium in only the WRE-deleted promoter. As shown in Fig. 4L , expression of ␤-galactosidase in the 19298/2 line was observed in the mammary epithelial bud at E12.5, which switched to a mesenchymal expression pattern by E13.5. This pattern of temporally and spatially restricted expression was very similar to that previously reported for Lef-1 mRNA (13, 24, 31). However, this was the only founder that reproduced endogenous Lef-1 expression patterns in mammary glands. The second LFϪ2700(ID)/Ϫ200-LacZ line (18959/3) that expressed in mammary gland epithelium demonstrated a delayed, weaker level of epithelial expression at E13.5 that followed the mesenchymal expression at E12.5 (Fig. 4M) . This pattern of expression demonstrated an incorrect regulatory switch from epithelial to mesenchymal expression. Given the apparent slight differences (1 day) in the onset and shutoff of mesenchymal and/or epithelial expression seen in both the LFϪ2700/Ϫ200-LacZ and LFϪ2700(ID)/Ϫ200-LacZ lines, we conclude that variation in the integration site of the transgene cassette leads to subtle difference in the temporal regulation of the promoter. This implies that sequences are missing from in the Lef-1 promoter transgene cassette necessary for insulating transcription from variations in chromatin structure.
The WRE is required for epithelial-specific regulation of the Lef-1 promoter during nasal submucosal gland development.
Nasal submucosal gland development initiates from the nasal epithelium between E15 and E16, where stage 1 buds emerge from the simple cuboidal airway epithelium. Although Lef-1 expression is required for nasal submucosal gland development Fig. 4 . Lef-1 promoter activity during the early stages of mammary gland development. A: illustration depicting previously characterized endogenous Lef-1 mRNA expression patterns during mammary glandular bud formation (13, 24, 31) . During the initial stages of mammary glandular bud formation (E12.5), Lef-1 is expressed in the invading epithelium bud and at sites in the surface dermal epithelium in the proximity of the bud. At E13.5, expression of Lef-1 mRNA moves from the epithelium to the mesenchymal cells surrounding the bud. B and C: whole mount in situ hybridization for Lef-1 mRNA using an antisense (cRNA) probe (B) or a sense RNA (sRNA) probe (C) in E12.5 embryos. Lef-1 mRNA was detected in vibrissa follicles (vf) and mammary gland buds (mg). No staining was observed in whole mount in situ hybridization using an sRNA Lef-1 probe. D-I: whole mount X-gal staining of mammary glands in E12.5 and E13.5 transgenic embryos demonstrating positive LacZ staining only in the mammary gland buds of transgene-positive animals. Transgenic-negative control littermates at E12.5 and E13.5 did not show X-gal staining. J-M: histological analysis of X-gal staining in sections from E12.5 and E13.5 transgenic embryos demonstrating predominant Lef-1-LacZ expression in mammary epithelia (me) and mammary mesenchyme (mm) of early-stage mammary gland buds. The construct of each transgenic line and the embryonic stage is given in each panel. in the mouse (8), Lef-1 mRNA expression has not been previously characterized in the mouse nasal glandular epithelium. To this end, we sought to confirm endogenous Lef-1 mRNA expression patterns in the mouse nasal epithelium at stages of glandular bud formation. Findings from these studies demonstrated widespread Lef-1 mRNA expression in both the surface nasal epithelium and glandular buds (Fig. 5, A and B) , similar to that seen during the initial stages of mammary gland development (31) . To determine whether the 2.5-kb promoter could regulate expression in nasal submucosal glands, we evaluated the ␤-galactosidase staining patterns in the three LFϪ2700/Ϫ200-LacZ transgenic founder lines (24191/2, 11434/4, and 11439/1) that demonstrated transcriptionally active transgenes during embryo development (see Table 1 ). All of these founder lines demonstrated LacZ transgene expression in a subset of cells contained within E16.5 nasal submucosal gland epithelial buds (Fig. 5, C-H) , which was never observed in transgene-negative littermates (Fig. 5I) . Interestingly, such staining was not observed in any of the eight LFϪ2700(ID)/ Ϫ200-LacZ WRE-deleted lines (Fig. 5J) . Given that Lef-1 mRNA expression was seen in nasal surface airway epithelium (Fig. 5A ) but was not observed in LFϪ2700/Ϫ200-LacZ transgenic mice, we conclude that Lef-1 promoter segments outside the Ϫ2,700/Ϫ200 bp control expression in surface airway cell types. Furthermore, these data also demonstrate that the WRE is required for epithelial cell expression of the Lef-1 promoter in nasal glandular buds. This finding is in stark contrast to observations in mammary gland (Fig. 4) and vibrissa/hair follicles (23) .
L758 REGULATION OF LEF-1 EXPRESSION IN NASAL SUBMUCOSAL GLANDS
AJP-Lung Cell Mol Physiol
Expression of the Lef-1 promoter in proximal tracheal glandular buds and surrounding surface airway epithelium is dependent on the WRE. Tracheal gland development in the mouse initiates during the first postnatal week of life. Therefore, we evaluated Lef-1 promoter expression patterns in 3-day-old neonatal excised tracheas (Fig. 6, A-D) . En face X-gal staining patterns demonstrated a surprisingly widespread expression of transgene in the proximal end of the trachea in two of the eight LFϪ2700/Ϫ200-LacZ lines (24191/2 and 11434/4), which was never observed in transgene-negative littermates (Fig. 6, A-D) or in any of the eight LFϪ2700(ID)/ Ϫ200-LacZ lines (data not shown). Histological analysis of cryosections revealed a peculiar staining pattern in developing tracheal submucosal glandular buds and the surrounding surface airway epithelium characterized by punctate staining in the surface airway epithelium surrounding a more diffusely staining glandular bud (Fig. 6, E and F) . In contrast, this staining was never seen in transgene-negative littermates from these two lines (Fig. 6, G and H) or any of the eight LFϪ2700(ID)/Ϫ200-LacZ lines (Fig. 6, I-L) . In addition to the typical number of embryos screened for each founder line (described in MATERIALS AND METHODS), we performed blinded staining and genotyping experiments on four independent litters derived from a C57BL/6 ϫ 11434/4 heterozygous transgenic line cross to confirm that the staining pattern observed was genuine. From a total of 31 embryos, 16 were transgene positive and 15 were transgene negative. Fifteen of the 16 transgene-positive animals demonstrate the type of staining presented in Fig. 6 , whereas none of the 15 transgene-negative animals demonstrated positive staining. The single negative staining transgene-positive embryo may represent a false-negative condition due to air bubbles in the trachea limiting penetration of the X-gal substrate. Hence, we do not attribute this type of staining to variability in the transgenic line background.
These findings suggest several intriguing possibilities regarding the Lef-1 promoter in the proximal trachea. First, the WRE in the Lef-1 promoter appears to be necessary for expression in tracheal submucosal glandular buds and the surrounding surface epithelium. This is similar to what was observed in nasal submucosal glandular buds. However, one of the three LFϪ2700/Ϫ200-LacZ lines (11439/1) that expressed in nasal submucosal glandular buds did not express in the proximal trachea. This finding suggests that regulation of the Lef-1 promoter in these two glandular regions may be slightly different, despite a similar dependence on the WRE. Given the very different spatial distribution of staining in the proximal trachea compared with the nasal glandular buds, this hypothesis seems reasonable.
Other sites of Lef-1 promoter expression. Although the focus of this report was to evaluate Lef-1 promoter regulation during nasal submucosal glandular and mammary glandular bud formation, both the LFϪ2700/Ϫ200-LacZ and LFϪ2700(ID)/ Ϫ200-LacZ lines expressed at other sites, including brain, limb buds, vibrissa (whisker) follicles, and hair follicles (Table 1 and Fig. 3 ). Findings evaluating Lef-1 promoter regulation in vibrissa and hair follicles have demonstrated that epithelialand mesenchymal-restricted patterns of Lef-1 expression are uniquely regulated by the Wnt/␤-catenin-responsive sequences (WRE) in the Lef-1 promoter during follicle formation (23) . In this context, the WRE was necessary for mesenchymal expression within mesenchymal condensates and dermal papillae of developing hair/vibrissa follicles (Table 1) . Hence, expression in these regions was only observed in the LFϪ2700/Ϫ200-LacZ and not the LFϪ2700(ID)/Ϫ200-LacZ lines. In summary, these results suggest that Wnt/␤-catenin-responsive sequences in the Lef-1 promoter play an important role in coordinating epithelial and mesenchymal expression during vibrissa/hair follicle development through unique transcriptional pathways.
DISCUSSION
Despite the wealth of knowledge on developmental biology and branching morphogenesis of the lung, relatively little is known about the molecular cues that control submucosal gland development following formation of the airways. Lef-1-deficient mice develop normal lungs and airways, with the exception of absent submucosal glands. This selective involvement of Lef-1 in airway gland development, but not lung development, supports the notion that transcription cascades controlling Lef-1 gene expression are uniquely regulated in epithelial progenitors responsible for submucosal gland development. Despite the seemingly selective role of Lef-1 in airway gland development, this transcription factor is also very important in regulating epithelial-mesenchymal interactions in many other bud-forming organs. In this regard, comparative analyses of Lef-1 regulatory mechanisms may shed important insights into the transcriptional control of epithelial cell fates in general.
Wnt signaling plays an important role in regulating epithelial-mesenchymal interaction during the development of many organs, including the lung (30) . The transcriptional programs activated by Wnts often involve the mobilization of ␤-catenin to the nucleus and the ␤-catenin-dependent activation of TCF/ Lef-1 transcriptional regulators (36) . The finding that the Lef-1 promoter is also responsive to Wnt-3a/␤-catenin pathways in HEK-293 cells (11) suggests that Lef-1 protein is not only transcriptionally activated by Wnt/␤-catenin signaling but also transcriptionally regulated by these same signals. Our studies in a number of mammary and airway epithelial cell lines demonstrate that Wnt-1 can also transcriptionally activate the Lef-1 promoter. Interestingly, regulatory elements in the Lef-1 promoter responsible for Wnt-1 induction appear to have a variable dependence on the previously identified 110-bp WRE, which is solely responsible for Wnt-3a induction of the promoter in HEK-293 cells. These findings suggest that Wnt-1 activation of the Lef-1 promoter can be controlled by sequences both within and outside the WRE, depending on the cell phenotype. This finding may reflect a capacity of the Lef-1 promoter to be temporally regulated in vivo (i.e., transcriptionally turned on and off) in both airway and mammary gland epithelial cells during the process of gland formation. Although the exact signaling networks responsible for Wnt activation of the Lef-1 promoter remain to be determined, differences in endogenous Wnt expression profiles of the four transformed cell lines analyzed may account for some of the variability in both the level and WRE dependence of Wnt-1 induction. For example, Wnt-3 and Wnt-7 are highly expressed in MDA-MB-231 and A549 cells, whereas Wnt-3 is highly expressed in MCF-7 cells (see ATCC datasheet) (20, 21) . Hence, Wnt inducibility of the Lef-1 promoter in each cell line analyzed may represent the potential of each cell type to induce the Lef-1 promoter under a given environmental condition or cell phenotype found during development.
The ability of Wnts to induce the Lef-1 promoter and the dependence of this induction on the WRE in certain cell phenotypes provide an opportunity to better understand the potential roles of Wnt induction in regulating Lef-1-dependent developmental processes such as glandular bud formation. Our results evaluating the dependence of the Lef-1 promoter on its WRE for spatial and temporal regulation during the early stages of mammary gland and submucosal gland formation have suggested that although these two organs share a similar dependence on Lef-1 during development, the regulatory processes that control Lef-1 gene transcription are quite distinct. During nasal and tracheal submucosal gland development, the presence of the WRE in the Lef-1 promoter was absolutely required for expression. These findings suggest that Wnt induction of the Lef-1 promoter may play an important role in the transcriptional activation of Lef-1 in airway epithelial cells.
However, based on Lef-1 mRNA localization studies in nasal submucosal glands, the 2.5-kb region of the Lef-1 promoter evaluated only partially reconstituted expression in epithelial cells of nasal glandular buds and not in the surface airway epithelium. These findings suggest that the transcriptional programs that regulate the Lef-1 promoter in surface airway epithelial cells are distinct from that in the glandular bud. Interestingly, expression patterns of the Lef-1 promoter in proximal tracheal submucosal glandular buds and surrounding surface airway epithelium appear to also be slightly different than that for nasal submucosal glands. Although expression of the Lef-1 promoter at both sites was dependent on the WRE, the finding of discordant nasal and tracheal gland expression in a single founder (i.e., nasal glandular bud expression was seen in the 11439/1 line, which did not demonstrate tracheal gland expression) suggests the transcriptional programs regulating the promoter in these two regions may also be distinct. Given the fact that Lef-1 promoter expression in proximal trachea also demonstrated widespread staining in the surface airway epithelium surrounding gland ducts, this hypothesis appears reasonable. Interestingly, mouse tracheal submucosal gland ducts have been proposed as a niche for the expansion of bromodeoxyuridine label-retaining airway epithelial cells following SO 2 injury (5). This finding suggests the intriguing possibility that Lef-1 expression in this region is regulated by Wnts in a stem cell pool occupying this unique niche. Given the dependence of this expression on the WRE and the fact that Wnt-1 and Wnt-3a can induce self-renewal of hematopoietic and mammary gland stem cells (22, 35) , such a potential link is worthy of further investigation.
In contrast to submucosal glands, expression of the Lef-1 gene is activated in both epithelial and mesenchymal cells of the developing mammary gland. This process involves a temporal switch in epithelial to mesenchymal expression at ϳE13.5. Findings from both the full-length and WRE-deleted Lef-1 promoter transgenic mice suggest that regulation of this temporal switch in expression requires additional sequences not currently contained within the promoter. Despite the fact that spatial expression patterns in mammary epithelium and mesenchyme closely mirrored that previously observed for Lef-1 protein and mRNA during the initial stages of mammary gland development (13, 24, 31) , the temporal regulation of the promoter in these two cellular compartments was variable, often lagging or preceding previously reported Lef-1 mRNA expression patterns by one gestational day. Nonetheless, several notable differences and similarities can be seen with respect to expression of the Lef-1 promoter in other organs. First, expression of the Lef-1 promoter in mammary gland bud epithelial and mesenchymal cells was independent of the WRE. This is in contrast to the WRE dependence of epithelial Lef-1 expression submucosal glandular buds. Furthermore, the expression patterns seen in a single transgenic line did closely resemble temporal and spatial regulation of Lef-1 previously reported for mammary gland development (13, 24, 31) . Hence, regulation at the WRE and potential Wnt signals that act on this site of the Lef-1 promoter appear to be unique to bud formation of airway but not mammary glands. Second, epithelial expression in mammary glandular buds was only seen in two of eight WRE-deleted lines, but not in any of the eight full-length WRE-inclusive promoter lines (Table 1) . This finding suggests the intriguing possibility that the WRE may be inhibitory for epithelial expression in mammary glandular buds. In support of this hypothesis, analysis of vibrissa/hair follicle expression patterns in the LFϪ2700/Ϫ200-LacZ and LFϪ2700(ID)/ Ϫ200-LacZ transgenic lines (23) has demonstrated similar findings as seen in mammary glands (see Table 1 for comparison). During vibrissa/hair follicle development, Lef-1 expression temporally shifts between epithelial and mesenchymal compartments of the developing follicle. As seen in the current studies on mammary glands, LFϪ2700/Ϫ200-LacZ lines expressed solely in the mesenchymal compartments of the follicle during development (Table 1) . In contrast, a single line generated from the LFϪ2700(ID)/Ϫ200-LacZ construct (18959/3) demonstrated an epithelial-restricted pattern of expression in developing follicles. This same 18959/3 line and a second additional founder (19298/2) also demonstrated epithelial expression during mammary gland development. These findings support the notion that the WRE may play an inhibitory role in regulating epithelial expression within the developing hair follicle and mammary glands. Obviously, the fact that removal of the WRE promoted more native patterns of expression in epithelial cells of developing mammary glands and hair follicles suggests that additional Lef-1 promoter sequences are required to properly regulate the WRE.
Comparative analysis of Lef-1 promoter activity in several organs has suggested that the WRE may uniquely regulate epithelial-specific expression during glandular bud formation. Although the exact positive and/or negative regulatory pathways that act on the WRE remain to be determined, these findings imply that Wnt regulation at the Lef-1 promoter WRE may be a critical component of such regulation. The identity of the Wnt pathway(s) critical for regulated Lef-1 promoter expression at the WRE during gland development remains unknown. Studies in cell lines have demonstrated that both Wnt-3a and Wnt-1 induction of the Lef-1 promoter can be dependent on the WRE. However, as seen in both airway and mammary epithelial cells, Wnt-1 can also induce the Lef-1 promoter independently of the WRE. Such findings appear to reflect a complex context-specific involvement of the WRE in expression of the Lef-1 promoter in vivo during development. Hence, the mechanisms of Wnt regulation of the Lef-1 promoter may be considerably more complex than previously anticipated. Further delineation of such regulation will likely shed light on pathological conditions involving airway gland hyperplasia as seen in asthma, chronic bronchitis, and cystic fibrosis or mammary gland carcinogenesis.
